Undoped, as well as Ce 3ϩ and Cr 3ϩ doped LiSrAlF 6 ͑LiSAF͒ crystals have been examined by Raman spectroscopy in order to identify the system's molecular vibrations and the role of doping. Furthermore the electron spin resonance ͑ESR͒ spectroscopic technique has been used to study the distortions of the local crystalline environment of Ce. The analysis of the main ESR resonance shows that the Ce 3ϩ ions substitute for Sr 2ϩ ones in the structure and permit the description of the electronic eigenfunctions and energy splitting of its 2 F 5/2 ground state. We have tackled the distortion of the trigonal crystalline environment, induced by Na ϩ codopants acting as charge compensators to Ce 3ϩ , and we have assigned the ESR resonances to Na occupying sites at various distances from the Ce atoms. Our results indicate growth of high quality crystals.
I. INTRODUCTION
LiSrAlF 6 ͑LiSAF͒ crystals doped with Cr 3ϩ and Ce 3ϩ have recently attracted much interest as laser gain materials, 1, 2 with potential use in various medical, industrial, environmental, and many other scientific applications. The Cr-doped LiSAF crystals present optical bands in the visible spectral region allowing efficient pumping by visible laser diodes. Among their advantages are their high tunability and their potential for generation of ultrashort laser pulses in the near infrared spectral range. In comparison with the isostructural Cr:LiCaAlF 6 ͑LiCAF͒, Cr:LiSAF offers the advantage of higher absorption coefficients and a broader tuning range, 1, 2 however, the thermal quenching is stronger and leads to a shorter Cr fluorescence lifetime. 3 Ce:LiSAF and Ce:LiCAF are also very attractive because of their ultraviolet ͑UV͒ laser emission. Therefore, it is anticipated that an understanding of the structural and electronic characteristics of the doped LiSAF will allow the development of high quality and efficient flash-or diode-pumped UV and visible tunable lasers.
The crystal structure of both materials, LiCAF and LiSAF, has been examined by early x-ray diffraction ͑XRD͒ studies, 4, 5 showing that both crystals have the same trigonal symmetry, with LiSAF exhibiting a larger c -a anisotropy. Nevertheless, neither the atomic oscillations nor the effect of doping on the material's dynamical properties have been studied up to now.
On the other hand, the local crystalline environment of the dopant ions has been examined in detail because of its role in the material's optical and lasing properties. A very useful tool in such studies has been proved to be the electron spin resonance ͑ESR͒ spectroscopy. ESR investigations of Cr doped LiSr x Ca 1Ϫx F 6 , 6 LiSAF, 7 and LiSCaF mixed crystals 6 have described in detail the Cr site axial distortion and its dependence on disorder and temperature. In combination with optical measurements, the ESR data were used to determine the electronic energy diagram of the Cr 3ϩ ions. The Cr 3ϩ dopants in LiSAF and LiCAF take the place of the Al 3ϩ ions, which have similar ionic radii (r i ϭ0.76 Å for Cr 3ϩ and 0.67 Å for Al 3ϩ ); the above substitution does not require any charge compensation. On the other hand, the Ce 3ϩ ions, with r i ϭ1.15 Å, substitute for either the Ca 2ϩ (r i ϭ1.00 Å) or the Sr 2ϩ (r i ϭ1.18 Å) ones. Therefore, the Ce 3ϩ ions are sixfold coordinated to neighbor F Ϫ ions, forming a strongly trigonally distorted octahedral crystal field with the S 6 symmetry. The excess positive charge introduced by the Ce 3ϩ atom is most probably charge compensated by Li ϩ vacancies. If these vacancies are placed near the Ce atoms, their local crystalline symmetry is further distorted changing from trigonal to orthorhombic. In such a way, resonances with orthorhombic symmetry were identified in the ESR spectra of the LiCAF compound. 8 The orthorhombic distortion was also observed by splittings and broadenings of the optical absorption and luminescence spectra. 8, 9 The role of Li vacancies is crucial since they can possibly act as color centers. 10 The presence of color centers causes a strong light absorption, which is anticipated to be detrimental to efficient laser performance. This mechanism is known as the solarization effect. In comparison to the Ce-doped LiCAF crystal, Ce-doped LiSAF generally suffers more from solarization losses, which results to a less favorable laser performance. 10 The incorporation of Na ϩ in the crystal is often used for charge compensation purposes, in order to diminish the alternative mechanism of the Li vacancies creation. The Na ϩ ions are expected to replace Sr 2ϩ , since they have a similar ionic radius. Sodium has also been used in order to prevent a͒ Author to whom correspondence should be addressed; electronic mail: akontos@central.ntua.gr
II. EXPERIMENTAL TECHNIQUE
Undoped and Ce-doped LiSAF crystals have been grown using the Czochralski method. Cerium was codoped with sodium with concentrations of 0.5 mol % in the starting material. The final concentration is anticipated to approximately 0.007 mol % for Ce and 0.02 mol % for Na. 13 Cr:LiSAF single crystals doped with 1.5 and 3.5 mol % of Cr have been grown using the zone melting method. 14 The optical axis of the crystals was determined by taking polarization measurements. Each sample was placed inbetween two crossed polarizers. An intense light source was focused on the sample by placing a long distance focal lens in front of the first polarizer and a fluorescent screen behind the second one. The sample was rotated around different axes, each one oriented along the direction of the light propagation. The c axis was identified on its orientation parallel to the rotation axis by its property of not affecting the polarization of the light that was crossing the sample independently of the rotation angle. Thus the incident polarized light was fully blocked by the last polarizer and it was not detected on the screen.
The ESR measurements were carried out at 11 K and Ϸ9.4 GHz ͑X band͒ in a Varian spectrometer. The sample was initially aligned with its c axis approximately parallel to the magnetic field (ϭ0); then, it was rotated about on an axis perpendicular to the c -a plane, for ϭ0°-90°-180°, ͑i.e., where is the angle between the c axis and the direction of the magnetic field that is always lying on the a -c plane͒. A detailed set of measurements was recorded in the range of 60°-120°where multiple peaks were detected in the ESR spectra. Subsequently, the temperature was raised up to 70 K under the control of a heater wound around the cavity and the ESR signal in the c ʈ B direction was detected in steps of about 5°.
Raman measurements were carried out on a triple spectrometer ͑Jobin-Yvon T64000͒ in the backscattering configuration. A light beam at a wavelength of 514.5 nm was focused on the sample in a spot size of 1 m and a charge coupled device ͑CCD͒ camera detected the Raman signal. An Ar lamp reference signal was also recorded in each measurement in order to calibrate the frequency scale. The instrumental resolution was equal to Ϯ 0.3 cm
Ϫ1
.
III. EXPERIMENTAL ESR AND RAMAN RESULTS
Characteristic ESR spectra of the Ce:Na:LiSAF crystal, measured at different angles , are shown in Fig. 1 . For near 0°and 180°, three different peaks are clearly observed in the spectra. To the contrary, for the intermediate angles , the ESR spectra are rich of resonance lines; the maximum number of peaks and the broader resonance field range were observed for angles near 90°. All these peaks are interpreted as being due to Ce atoms in different crystalline environments due to the presence of Na charge compensators at different relative distances. The various peaks, A, B, C, and D, correspond to different Na positions according to the interpretation referred to in the following section. While the strong A resonance dominates all spectra with a single line, the B and D resonances are split in two lines having a ratio of about 1:2 and superimposed onto one line for angles adjacent to 0°. The 1, 2, or 3 multiplicity of the B and D lines is marked in Fig. 1 by a corresponding superscript index. The most intense satellite B and C lines can be identified in all the spectra and have a ratio of about 3:1. The abovementioned intensity ratios are more or less preserved for all the different angles and they are used as a criterion for the identification of the different resonances. The dependence of the various resonance lines has been grouped in plots ͑a͒ and ͑b͒ of Fig. 2 for the A and B resonances and plots ͑a͒ and ͑b͒ of Fig. 3 for the C and D ones, correspondingly.
In Fig. 4 we have plotted the linewidth ⌬H of the main resonance A line relative to the absolute temperature T. An exponential increase of ⌬H upon increasing T is observed, which suggests the Orbach process as the dominant spin lattice relaxation mechanism.
15,16 Accordingly we get
where k B is the Boltzman constant and ⌬E is the energy difference between the ground and the first excited electronic state. A substitution of our data to Eq. ͑1͒ results in ⌬E ϭ149Ϯ5 cm Ϫ1 , with fitting parameters aϭ18.6Ϯ0.5 G and bϭ376Ϯ50 G.
Raman spectra were recorded with incident and scattered light parallel to the c and a axis, in all possible combinations ͑a-a, c-c, a-c͒. All samples, including that of the undoped reference, show the same Raman modes without any remark- . Under crossed polarizations the modes at 251 and 377.5 cm Ϫ1 had almost vanished while the strongest mode at 561.7 cm Ϫ1 was reduced below 10% of its magnitude under the parallel c -c polarization.
IV. DISCUSSION

A. The g tensor and the assignment of the various ESR resonances
The resonance position of the most intense A peak in the ESR spectra ͓Fig. 2͑a͔͒ presents an angular dependence with an axially symmetric effective g() tensor defined as
͑2͒
By fitting our experimental data to the above equation we get g ʈ ϭ2.255Ϯ0.004 and g Ќ ϭ0.735Ϯ0.005. The excellent fitting of the A line to Eq. ͑1͒ shows that the A-type Ce site preserves a trigonal symmetry. This indicates that Ce, in this case, is quite isolated from nearby Na ϩ ions. For illustrative purposes, a LiSAF unit cell, which hosts a Ce 3ϩ ion at a Sr 2ϩ site, has been drawn in Fig. 6͑a͒ , where the A position of a Na ϩ charge compensating ion in a far distance is marked.
The behavior of the resonance site B in Fig. 1 suggests a Ce lattice site with orthorhombic symmetry. Considering the orthorhombic environment as a superposition of the initial distorted along the-c octahedral system ͑abc͒ with another axially symmetric distortion ͑along an arbitrary cЈ), the final biaxial g tensor ellipsoid has its two principal axes on the c -cЈ plane. Therefore, the orthorhombic system xyz can be The angular dependence of a resonance line in the orthorhombic environment is described by a spin Hamiltonian
The effective g value is given now by
where l, m, and n are the direction cosines of the magnetic field relative to the xyz system axes, i.e., 1ϭsin cos cos Ϫcos sin , ͑5a͒
nϭsin sin cos ϩcos cos . ͑5c͒
Each lattice distortion by a dopant or a vacancy in a neighboring to Ce lattice site can produce a distinct crystal field environment. For each distortion the equivalent sites are taken into account by applying the site symmetry operations of the Ce atom. In this way, such distortions that produce a single line for c ʈ B can reveal up to three different lines for cЌB, as it was observed in LiCAF, 8 due to the presence of Li vacancies near the Ce atoms.
As shown in Fig. 2͑b͒ , the B peak indicates, in a good approximation, a symmetric variation around the ϭ90°a nd a systematic splitting into two lines with an approximate 1:2 ratio ͑see Fig. 1͒ . This suggests that we have a special case where two of the three lines, which are expected in general, are superimposed. This case appears only when the system axes, which describe the orthorhombic distorted environment, are near the high symmetry directions of ϭ0°a nd ϭ0°͑also ϭ120°and 240°, for the equivalent crystallographic sites͒ or ϭ30°͑also ϭ150°and 270°͒ relative to the crystallographic system. This is somehow expected since the trigonal distortion of the crystal in the c direction is very strong and it is hardly affected by the Na ϩ substituting ions. Therefore the z axis almost coincides with the c axis and g z remains the larger component of the g tensor. On the other hand, the Na ϩ ions are responsible for the orthorhombic distortion of the axial environment in their direction relative to Ce, i.e., the Sr-Sr bond direction, which for adjacent Sr sites up to the third neighboring distance, sets at ϭ0°. Under these assumptions we have solved Eqs. ͑4͒ and ͑5͒ for the B resonance data in Fig. 2͑b͒ getting ϭϪ0.8°, ϭ0°, g x ϭ0.755Ϯ0.008, g y ϭ0.635Ϯ0.008, and g z ϭ2.320Ϯ0.008. The above resonance shows the maximum deviation from the inherent trigonal crystal field and the strongest orthorhombic distortion. Thus, it is attributed to the closest Ce 3ϩ -Na ϩ position, namely the first neighboring Sr positions in the a -b plane, marked as B sites in Fig. 6͑a͒ . Moreover, this resonance is quite intense, implying a preference of the Na ϩ to be placed near the Ce site. Correspondingly, the C site is attributed to the second neighboring Na ion position, which is that of the Sr neighboring atoms in the z direction ͓see Fig. 6͑a͔͒ . These atoms are only in slightly larger distances than the B ones. However, the C:B coordination number ratio is 2:6, i.e., 1:3; this is the ratio of the C:B peak intensities in the ESR spectra. Due to the distortion of the crystal field environment in the trigonal axis, the C resonance appears with a single line, in the same way as the resonance A behavior, having an effective axial g tensor equal to g ʈ ϭ2.201Ϯ0.005 and g Ќ ϭ0.779Ϯ0.005.
The D resonance has the characteristic split behavior of the B one. The treatment according to Eqs. ͑4͒ and ͑5͒ yields ϭϪ1°, ϭ0, and g x ϭ0.758Ϯ0.015, g y ϭ0.702Ϯ0.015, and g z ϭ2.255Ϯ0.005. Accordingly the D resonance lines are attributed to Na sites at the third neighboring distances from Ce, i.e., the diagonal Sr sites in the a -b plane as shown in Fig. 6͑a͒ .
Finally, very weak resonance lines were observed in the spectra obtained near ϭ90°, which may be attributed to Na ions in intermediate distances from A and D sites. Remarkably, Li vacancies near the Ce atoms were not detected by ESR, since in this case the crystal field distortion would be very strong with resonance lines in a broad resonance field range. The relative intensities of the ESR lines can be used in order to estimate the probability for Na to occupy one of the Sr sites. The intensity ratio (BϩC)/(AϩBϩCϩD) ͑Fig. 1͒ leads to an occupation probability for a Na atom, in one of the six Sr neighboring sites around a Ce dopant ͑sites B and C͒, of about 21%. Taking into account the actual Na concentration of approximately 0.02% in the sample, the above probability is over 1000 times that expected upon a random distribution of Na in the crystal. In a similar manner, the occupation probability for the D site, deduced from the partial intensity D/(AϩBϩCϩD) in Fig. 1 , is about 5%.
B. The ground electron state and the crystal field distortion by Na
¿ charge compensators higher. This difference is much greater than the energy splitting produced by the crystal field. So, in a first approximation, we take the total angular momentum Jϭ5/2 as a good quantum number. 15, 16 The corresponding electronic eigenfunctions are represented as Kramers doublets ͉J,J z ͘ i.e., ͉ The orthorhombic distortion introduced by the Na ϩ ions in nearby sites to Ce is taken into account by the introduction of an extra term B 2 2 O 2 2 in the crystal field Hamiltonian. 15, 16 The new term is considered as a perturbation of the terms in Eq. ͑6͒. The expected ground state electron eigenfunction results from the ͉Ϯ 
The difference g x Ϫg y can be merely found equal to 8&g L ␣ cos . Evidently for a trigonal field, ␣ϭ0 and the solutions of g coincide with those of Eq. ͑9͒.
In Table I we present the g values of the different resonances, which have been obtained in this study. The corresponding values for LiCAF, obtained in Ref. 8 , are also presented for comparison. The anisotropy of the main A resonance in LiSAF is much higher than its counterpart in LiCAF. This shows a higher elongation of the Ce octahedral environment in LiSAF in comparison to LiCAF, in agreement with the XRD data. 4, 5 For the estimation of the eigenfunction coefficients in Eq. ͑7a͒ we have calculated an average value equal to av ϭtan Ϫ1 ͱ(3g rat ϩ1)/5 through Eq. ͑9͒, where g rat ϭ͉g ʈ ͉/g Ќ . From the experimental g ratios a av ϭ54.7°was Fig. 6͑a͒ . In the same manner we have calculated av for the B, C, and D resonances; for B and D, instead of g Ќ the mean value of g x and g y has been used. These av values are also shown in Table I . Since the Na ϩ -Ce 3ϩ electrostatic repulsive interaction is weaker than the Sr 2ϩ -Ce 3ϩ one, the B resonance ͑Ce-Na bond in the a direction͒ is expected to represent an elongation of the octahedral Ce environment, while the C resonance ͑Ce-Na bond in the c direction͒ represents a compression. This is in accordance with the av values for B and C resonances recorded in Table I where, moreover, as the Na ions draw away from the Ce dopants occupying sites B -C -D, the av values approach those of the A resonance. As for the calculated ␣ coefficient in Table I , its value for the D resonance is about half of that of the B one. All these results verify the progressive attenuation of the crystal field distortion by Na far from the Ce atoms and the self consistency of the ESR resonance lines assignment. Experimental ESR results in Ce:LiCAF without Na charge compensators are also presented in Table I for comparison. Charge compensation by Li ϩ vacancies in the first (B L ) and second (C L ) neighbors to Ce positions was also detected; the Li sites are marked in Fig. 6͑a͒ too. From the values of Table I we deduce that the distortion of the trigonal Ce environment by Li vacancies is much more intense compared to that induced by the Na ϩ ions. In this last case the obtained av values approach those of the A resonance and the mixing coefficient ␣ becomes very small. This suggests that the Na atoms do not alter the energy diagram, significantly and thus the Na codoped Ce:LiSAF crystals are expected to show less inhomogeneous broadening and multiple lines in the absorption and luminescence spectra relative to the Ce:LiSAF ones. Such effects were observed, for example, in the luminescence spectra of Ce:LiCAF 8 and Ce:BaLiF 3 11 while they were reduced in those of the Na codoped Ce:BaLiF 3 .
11
C. The Raman modes and the effect of doping
LiSAF has trigonal symmetry and belongs to the D 3d 2 symmetry space group which has, according to Wyckoff's notation, the following symmetry elements:
In LiSAF, Li and Al occupy the D 3 site, Sr the S 6 site, and F the C 1 site. The lattice modes, which correspond to each of these site groups, are
S 6 :A 1u ϩA 2u ϩ2E u , ͑13b͒
On the whole, we expect the material to have the following lattice modes:
From these modes the A 1u are silent, the A 2g only infrared active, and the A 2u and E u are acoustical modes. Finally the remaining 3A 1g ϩ8E g modes, 11 in total, are Raman active and were all identified in our spectra. According to the selection rules of the backscattering geometry, under parallel polarizations of the incident and scattered beam in the c axis (c -c), only the A 1g modes are expected in the Raman spectra, while in the crossed polarization configuration (a -c), only the E g ones. In the a -a configuration all the modes are expected. Indeed, we have observed three modes at 251, 377.5, and 561.7 cm Ϫ1 , which are strong only in the c -c configuration. These modes are assigned to the A 1g symmetry and result from the motion of the F atoms in the z direction, while the other atoms remain at rest. On the contrary, the selection rules for the remaining eight E g modes do not apply strictly. The reason for this is not yet well understood; it is probably related to the large solid angle of scattered light collected by the microscopic lens in combination with the multiple internal reflections of the excitation beam within the transparent plate-like sample. A further clarification will hopefully be given in the future by comparative Raman studies in LiCAF.
Finally it should be mentioned that the doping does not affect appreciably the Raman spectra, which verifies that the material is not subject to strong stresses that could alter the resonance frequencies or to disorder effects which would cause severe line broadening. 18 These results suggest low tensions, deformations, and variations of the refractive index along the optical axis and a minimum level of inhomogeneities during the crystallization process that have been proposed to be responsible for the formation of color centers. 19 Together with the absence of vacancies detectable in the ESR spectra, our crystals show a high structural quality and are promising for high laser efficiency without severe solarization losses.
V. CONCLUSIONS
ESR measurements of Ce doped LiSrAlF 6 single crystals have shown that Ce resides mainly in an axially symmetric Sr position. The effective g factor of this Ce resonance has been determined and conclusions have been drawn for the electronic eigenfunctions, which describe the ground state energy level. Ce resonances due to Ce sites with orthorhombic symmetry have been detected in the ESR spectra with multiple lines. These resonances have been attributed to charge compensating Na ϩ ions, which perturb the crystal field environment at Ce sites in the direction of the Sr-Sr bonds. ESR resonances, which result from up to the third neighboring Na to Ce sites, have been identified and the principal values of the corresponding g tensors have been estimated. Nonetheless, the crystal field distortion in the c axis remains the dominant one and determines, by a maximum deviation of 1°, the one principal axis direction of the g tensor. The effective g factor of these resonances as well as the Na ϩ occupation sites and probabilities have been estimated and are further correlated to the material lasing properties, always in comparison to the isostructural LiCaAlF 6 . The energy splitting between the ground and the first excited electronic states has been estimated by the temperature dependence of the ESR linewidths.
Undoped as well as Cr and Ce doped LiSAF crystals were further examined for their lattice dynamical properties. Polarized Raman measurements have been combined with group theoretical arguments in order to identify the observed lattice vibrational modes. Strain or disorder effects were not detected in the Raman spectra.
